Photolabel-containing peptides were generated by photolysis followed by tryptic digestion and isolated using the phosphopeptide isolation kit. Photolabeling of these and plant (6, 7) show that the reaction of UGDH involves two successive oxidations to convert the 6' hydroxyl of UDP-glucose to a carboxylate, together with reduction of 2 moles of NAD + to NADH. In animals, it constitutes the unique pathway for glucuronate formation (8) . Because glucuronate is a component of glycosaminoglycans (GAGs), the mutation inactivation of UGDH (sugarless) abolishes GAG assembly and, consequently, abolishes GAG-dependent growth factor signaling (9) (10) (11) . The primary structure of the mammalian enzyme was obtained from the protein sequence of bovine UGDH (12) . The human gene was also recently cloned and assigned to chromosome 4p15.1 (13) . It contains 12 exons, extends over 26 kb, and has one major transcription start site (14) .
GAG chains of proteoglycans and hyaluronan are ubiquitous components of extracellular matrix and pericellular spaces. There is a growing body of information on the implication of GAGs in cell behavior, including signal transduction, cell proliferation, spreading, migration, and cancer growth and metastasis (15) (16) (17) . GAG synthesis is influenced by cytokines and growth factors. Transforming growth factor-ß is the most potent stimulator of proteoglycan and GAG synthesis, including that of hyaluronan. Its action, however, depends on the cell type (18). The synthesis of GAGs is also modulated by oxygen cell status. Hypoxic endothelial cells and lung fibroblasts enhanced heparan sulfate/chondroitin sulfate ratio, which led to an increase of basic fibroblast growth factor reactivity on the cell surface (19, 20) . It was also shown that the level of intracellular UDP-glucuronate could influence GAG synthesis (8 After an additional 3 h at room temperature, 20 µg of trypsin was added, and the digestion mixture was kept at 25 o C overnight. To validate that the isolated peptide was specific for the NAD + binding site and could be protected from photomodification, the hUGDH proteins were also photolyzed in the presence of 300 µM NAD + and proteolyzed as described above. The tryptic-digested peptides were separated by the 'Phosphopeptide Isolation Kit' from Pierce Biotechnology (Rockford, IL, USA)
following the manufacturer's protocol and sequenced by the Edman degradation method as described before (26) .
Construction and Purification of G13E Mutant-Single amino-acid substitution of
G13 was constructed by cassette mutagenesis of plasmid pHUGDH. Plasmid DNA (5 µg) was digested with BstBI and SalI to remove 98-bp fragment that encodes amino acids 3-35 and vector DNA was purified by electrophoresis using 1% low melting point agarose. The 98-bp BstBI/SalI fragment was replaced with 98-bp synthetic DNA duplex containing a substitution on both DNA strand at positions encoding G13 to make G13E mutant protein. The mutagenic oligonucleotide was annealed, ligated, and transformed into DH5α as described above and G13E mutant was identified by DNA sequencing using plasmid DNA as a template. G13E mutant was expressed in E. coli strain DE3
and purified to homogeneity as described above.
RESULTS

Construction of Synthetic hUGDH Gene and Expression-The gene was initially
constructed as three segments using the plasmid pUC18 as a cloning vector ( (Fig. 3) .
Purification and Characterization of Synthetic hUGDH-hUGDH encoded by
pHUGDH in DE3 was purified by several chromatographic methods. Since the recombinant hUGDH was readily solubilized, no detergents were required throughout the entire purification steps. The purified hUGDH was estimated to be >98% pure by SDS/PAGE (Fig. 3) . No additional amino acids such as N-terminal histidine tags or protease recognition sites were introduced in the synthetic hUGDH gene product (Fig.   2 ). N-terminal sequence analysis of the first 7 amino acids (MFEIKKI) is in agreement with published sequence of human UGDH (15) . The subunit size (57 kDa) and the native size (340 kDa) of the hexameric recombinant hUGDH were determined by SDS/PAGE (Fig. 3) and HPLC gel filtration chromatography (data not shown),
respectively. The 57-kDa protein was absent in extracts from DE3 transformed with pUC18 (Fig. 3) . The highly purified enzyme was a mixture of hexamer, tetramer, and dimer as determined by HPLC gel filtration. The hUGDH was predominantly observed as a hexamer together with significant tetrameric and dimeric species, indicating some subunit dissociation. Although relative species ratios were conserved over several different preparations of the enzyme, the ratio of the oligomeric state was changed by storage conditions and periods.
UGDH catalyzes conversion of a UDP-glucose substrate to a UDP-glucuronic acid (Fig. 4A & 4B) . The K m for UDP-glucose was 17 ± 3 µM (Fig. 4A ) and the K m for NAD + was 133 ± 4 µM (Fig. 4B) . For more detailed catalytic properties of hUGDH, the enzyme efficiency (k cat /K m ) for the individual substrates were determined ( (Fig. 5) . In all photolabeling experiments, the ionic strength was kept low to enhance binding affinity, as we have observed in general that the lower the ionic strength the tighter the binding of nucleotide photoaffinity probes and the more efficient the photoinsertion (26) . The data in Fig. 5 (Table II) , this site was identified as residues 7-19 of hUGDH. The symbol X indicates a position for which no phenylthiohydantoin-amino acid could be assigned. The missing residue, however, can be designated as a photolabeled glycine because the sequences including the glycine residue in question have a complete identity with those of the other UGDH species known. Because the photolabeled peptides are tryptic digests, it was expected to produce a sequence ending with Arg or Lys. The amino acid composition of the photolabeled peptide revealed that the peptide had a composition that was compatible with that of the tryptic peptide spanning residues 7-31 with an exception that there was a significant reduction in glycine (Table III) . On the basis of information obtained on the amino acid sequence determination and composition analysis of the isolated peptide, we suggest that the attachment site of further examined by substituting Gly into Glu, Leu, Arg, and Tyr at position 13. Since all four mutants (G13E, G13L, G13R, and G13Y) at G13 site were studied to the same extent as G13E and showed almost identical results in protein expression, purification, kinetic parameters, and photoaffinity labeling study, only the results from G13E are presented for clarity purpose.
Construction, Expression, and Properties of G13E Mutant-The 98-bp BstBI/SalI
fragment in pHUGDH was replaced with 98-bp synthetic DNA duplexes containing a substitution on both DNA strands at positions encoding G13. This substitution made mutant protein G13E. Analysis of crude cell extracts by western blot showed that G13E mutant plasmid directed the synthesis of a protein that interacted with monoclonal antibodies raised against hUGDH at almost identical levels for wild-type hUGDH (Fig.   7 ). These results indicate that the mutagenesis at G13 has no effects on expression or stability of the mutant. In addition, the mutant enzymes were purified homogeneously by the same method as was the wild-type enzyme, indicating that no gross conformational change of the enzyme had occurred.
Catalytic activity of hUGDH point mutant G13E was not measurable under standard assay conditions. To evaluate the role of G13 residue in catalysis and determine the extent of impaired catalytic function, we performed a time course over 3 h, measuring enzyme activity every 10 minutes by absorbance wavelength scans from 290-400 nm.
Less than 0.05% activity relative to wild-type enzyme was observed for G13E mutant was found up to 3 h, demonstrating that loss of enzymatic activity was the result of the mutagenesis at G13 site. In addition, no photoaffinity labeling of The importance of the glycine residues has been previously explained (49): the first glycine allows a tight turn of the main-chain from the β-strand into the loop, and the second glycine permits close contact of the main-chain to the pyrophosphate of the nucleotide. The third glycine allows close packing of the helix with the β-strand.
Mutations in the conserved glycine residues of the loop have been correlated with attenuation or elimination of enzyme activity (50) (51) (52) and also with disease (53). The conserved structure suggests that UGDH may take part of a minimal genome for multicellular species and the rigid basal structure is necessary for its activity (14, 42) .
To our knowledge, the crystallographic structure of hUGDH has not been determined and no studies by site-directed mutagenesis for the coenzyme binding site(s) of the mammalian UGDHs have been reported yet. In the present study, hUGDH was chemically synthesized, expressed, and purified to homogeneity. Specific point mutant was generated based on homology modeling of the enzyme and used to identify the coenzyme binding site of hUGDH.
We identified an NAD + binding site of hUGDH using photoaffinity probe, (Fig. 5 & Fig. 6 ) and therefore no photolabeled peptides were detected for G13E mutant (Table II) . The results from the western blot analysis show that the mutagenesis at G13 site has no effects on expression or stability of the mutant (Fig. 4) . The results of HPLC gel filtration analysis also showed no differences in their elution profiles in terms of the native molecular size (data not shown), suggesting that the mutagenesis at the G13 did not cause a gross structural changes of hUGDH. Therefore, the results with cassette mutagenesis and photoaffinity labeling techniques suggest that the loss of enzyme activity of G13E mutant is mainly caused by its inability to bind NAD + and G13 is required for efficient base-binding of NAD + to hUGDH.
The construction of a synthetic gene encoding hUGDH will enable us to generate a large number of site-directed mutations at several positions in the coding region. The high level of hUGDH expression as a soluble protein in E. coli will facilitate the purification of large quantities of mutant proteins and address a broad range of questions relating to the structure and function of hUGDH. 
The amino acids are denoted by the single-letter code.
b Only first 13 cycles were sequenced.
c The amino acid numbering is that of the mature human UGDH (15) . 
